Abstract: Springing occurs more frequently to ultra large ships, as their natural frequencies are relatively low and approaches the spectral peak of the wave energy spectrum in certain sea states. Springing is a resonance phenomenon between the waves and the ship hull, and this high frequency vibration has a significant influence on the fatigue damage of hull structures. This paper deals with the influence of springing on the fatigue damage of ultra large ore carriers. The springing responses of ultra large ore carriers are calculated by a three-dimensional linear hydroelasticity method in the frequency domain. A fatigue damage calculation method accounting for the springing effect is applied that is based on the fatigue spectrum analysis method and the approximation method of joint narrowband. The fatigue damage of the deck and bottom longitudinals in the deck and bottom of ultra large ore carriers of various sizes has been calculated by this method. The influences of ship size, structural damping, sea state, wave heading, navigational speed, and loading condition on the structure fatigue damage ratio of ultra large ore carrier are analyzed.
Introduction
To meet the requirements of the maritime transportation and to reduce energy consumption, and also emission of ships and the size of certain types of merchant vessels has kept increasing. For example, 400 kDWT ultra large ore carriers have been put into service and the design of over-20000TEU ultra large container carriers is also under way. Due to the increase in ship size and the extensive use of high-strength steels as a common material in the whole ship to reduce the ship weight, the flexibility of the hull girder increases and the natural frequency of ship decreases [1, 2] , which result in wave encounter frequencies that are very close to the first order natural frequency of the hull, and consequently, the resonance between the hull and waves, i.e., springing, occurs [3, 4] . Because of the small damping of hull structures, springing decays very slowly and the vibration stresses of high frequency remains in the ship structures, which will lead to severe structural fatigue damage. A number of researchers have studied the springing responses of large vessels theoretically and experimentally.
Based on full scale measurements on board an iron-ore carrier operating in the North Atlantic Ocean, Storhaug et al. [5] showed that the wave-induced vibrations caused 44% of the fatigue damage. The hydroelasticity model test that was conducted by Storhaug et al. [6] on a large ore carrier also showed that 56% of the damage was caused by springing and whipping. Drummen et al. [7] studied, experimentally and also numerically, the fatigue damage that was caused by wave induced vibrations of a containership operating in the North Atlantic Ocean. The measurements showed The free-surface Green's function is adopted to satisfy the linear free-surface condition, and the speed effect is accounted for by means of encounter frequency. In order to calculate the motion and wave load response of the flexible structures, the diffraction potential ϕ d and the radiation potential ϕ k are solved with the generalized fluid-structure coupling boundary conditions [23] : 
where ϕ 0 is the incident wave potential, ω 0 the wave natural frequency, n the vector normal to the surface, u r the central point displacement on the surface under the rth mode, and W the constant velocity around the hull W = −Ui (2) where i is the unit vector in the direction of the X axis and U is the navigation speed. The equation of motion for a flexible body travelling with forward speed U in regular deep-water waves can be written as −ω e 2 (a + A) + iω e (b + B) + (c + C) P r = F
where ω e is the encountered frequency; a,b, and c, of dimensions n × n, are the generalized masses, structural damping, and stiffness matrices, respectively; A, B, and C, of dimensions n × n, are the generalized added inertia, hydrodynamic damping, and fluid restoring matrices, respectively; F, of dimension n × 1, is the generalized wave excitation vector, consisted of the contributions of both the incident wave and the diffraction; P r , of dimension n × 1, is the principal coordinate vector. A, B, and C can be calculated by ρ b u r · (g s × θ k )dV (4) and F by F r = −ρζ a S 0 n · u r iω e − U ∂ ∂x (ϕ 0 + ϕ d )ds (5) where H rk is the generalized radiation force and it takes the form:
n · u r iω e − U ∂ ∂x ϕ k ds (6) ρ is the fluid density, ρ b the material density of structure, S 0 the average wetted body surface, V b the volume of ship, w k the vertical deflection of mesh central point on the body surface under the kth mode, g s the gravitational acceleration vector, θ k the angle deformation of hull under the kth mode, and ζ a the incident wave amplitude.
The elements of a and c can be obtained while using the orthogonality of the system mass matrix and the stiffness matrix of the modal function using the transfer matrix method. The structure damping matrix b can be determined experimentally or empirically.
Once the principal coordinates in regular waves are obtained, the distortions and section loads, such as bending moments, shear forces can be calculated by modal superposition. Then, the displacement including both the rigid body motion and the elastic deformation is 
the vertical bending moment at a cross-section of the hull is
P r M r (x) (8) and the vertical shear force at a cross-section of the hull is
In these expressions, W r , M r , and V r denote, respectively, the modal vertical displacement, vertical bending moment and shear forces for the rth mode shape with the corresponding principal coordinate P r evaluated in regular waves from Equation (3).
Calculation of Fatigue Damage Accounting for the Effect of Wave

Spectral Analysis Method for the Calculation of Fatigue Damage
Most of the present methods for accessing the fatigue damage of ship structures are concerned with the accumulated damage due to the wave-induced low-frequency vibrations. The effect of wave induced high frequency vibration, for instance, springing, is not sufficiently considered in the assessment of fatigue damage of ultra large ships. In order to account for the contribution of springing, the vertical bending moment that was evaluated by Equation (8) is used to calculate the stress response, and then the fatigue damage of the ship structure is analyzed using a linear cumulative damage theory and the spectrum analysis method.
According to the Miner linear cumulative damage theory [24] [25] [26] , the total fatigue damage D under the action of multi-stage constant amplitude cyclic stress is the sum of the fatigue damage D i corresponding to each S i . The following bilinear S − N curve is adopted for the calculation,
where N is the fatigue failure cycle times of S; m, ∆m, C, K the constants related to the material; and, S Q the stress at the inflection point of the bilinear S − N curve. The total fatigue damage is calculated as follows:
where T is the calculating fatigue life; n l , n s , and n k the total number of loading conditions, sea state, and wave direction, respectively; p n , p j , and p i are the probabilities of loading, sea state, and wave direction, respectively; and, µ ijk is the parameter of slope variation in the bilinear S − N curve, which takes the form Although the short-term distribution of stress range is considered as a narrow band process, a large number of actual measurements indicate that the alternating stress always has broadband characteristics. For this reason, it is improper to use the Rayleigh distribution as it is a narrow band distribution model. Instead, the correction coefficient of rain flow that was proposed by Wirsching [27] is adopted to calculate the fatigue damage due to low frequency stresses, which takes the form,
where D Ra,i is the hot spot fatigue damage that is calculated by the Rayleigh distribution mode; D i is hot spot fatigue damage, as calculated by the rain flow counting method; and, λ i is the correction coefficient of rain flow, which is given by:
where ε is the bandwidth factor, and a and b can be calculated by
where m is the parameter of the S − N curve.
The Total Structural FATIGUE Damage Including the Effect of Springing
The ITTC two-parameter spectrum is used to describe the sea state. The stress response spectra of wave induced vibration exhibit distinct broad band characteristics, as shown in Figures 1 and 2 , and they both contain two peaks. The first peak is caused by the low-frequency wave load when being treated as a rigid body, and the second is resulted from springing. Jiao and Moan [28] , based on the rain flow coefficient and Gauss process, devised a method for fatigue damage analysis that is capable of dealing with separated double-peaked spectra. By combining a narrow band approximation and the traditional spectrum analysis method for fatigue assessment, a method is proposed in the present study for calculating the fatigue damage due to wave induced vibrations. 
Fatigue Damage Due to Stress Induced by Vertical Wave Bending Moment
Although the short-term distribution of stress range is considered as a narrow band process, a large number of actual measurements indicate that the alternating stress always has broadband characteristics. For this reason, it is improper to use the Rayleigh distribution as it is a narrow band distribution model. Instead, the correction coefficient of rain flow that was proposed by Wirsching [27] is adopted to calculate the fatigue damage due to low frequency stresses, which takes the form,
where
is the hot spot fatigue damage that is calculated by the Rayleigh distribution mode; i D is hot spot fatigue damage, as calculated by the rain flow counting method; and, i  is the correction coefficient of rain flow, which is given by:
where  is the bandwidth factor, and a and b can be calculated by 
where m is the parameter of the -S N curve.
The Total Structural FATIGUE Damage Including the Effect of Springing
The ITTC two-parameter spectrum is used to describe the sea state. The stress response spectra of wave induced vibration exhibit distinct broad band characteristics, as shown in Figures 1 and 2 , and they both contain two peaks. The first peak is caused by the low-frequency wave load when being treated as a rigid body, and the second is resulted from springing. Jiao and Moan [28] , based on the rain flow coefficient and Gauss process, devised a method for fatigue damage analysis that is capable of dealing with separated double-peaked spectra. By combining a narrow band approximation and the traditional spectrum analysis method for fatigue assessment, a method is proposed in the present study for calculating the fatigue damage due to wave induced vibrations. The stress response spectrum is divided into two components: a low frequency component and a high frequency one, which can be described by separate statistical characteristics: D are obtained, the contribution of wave induced vibration to the fatigue damage can be described by the damage ratio of  ,
Numerical Configurations and Parameters
To systematically investigate the influence of the calculation parameters on fatigue damage, four realistic ultra large ore carriers (OC) are used, namely, 250,000 DWT OC, 300,000 DWT OC, 388,000 DWT OC, and 400,000 DWT OC, and their principle particulars are given in Table 1 . The mass distributions and the structural properties are shown in Figure 3 . The stress response spectrum is divided into two components: a low frequency component and a high frequency one, which can be described by separate statistical characteristics:
where m il and m ih are the ith moments of low frequency and high frequency components, respectively. According to the joint narrow band approach that was proposed by Jiao and Moan [28], the fatigue damage calculation due to wave induced vibration can be obtained as,
where D T is the total fatigue damages, D l and D h are the contributions of the low frequency and high frequency wave components, respectively, as given by Equation (11) . Once D T and D l are obtained, the contribution of wave induced vibration to the fatigue damage can be described by the damage ratio of λ,
To systematically investigate the influence of the calculation parameters on fatigue damage, four realistic ultra large ore carriers (OC) are used, namely, 250,000 DWT OC, 300,000 DWT OC, 388,000 DWT OC, and 400,000 DWT OC, and their principle particulars are given in Table 1 . The mass distributions and the structural properties are shown in Figure 3 . Mass ( In the present study, the sea states of the North Atlantic are adopted to calculate the fatigue damage to the ultra-large ore carriers. According to the results obtained for the vertical bending moment, the range of frequency 0.157 rad/s to 3.14 rad/s, which encompasses the two-node wet-mode natural frequency, is adopted for calculating the response of wave induced vibration. The wave induced vibration originates from the coupling effects of wave encounter frequency and the first order natural frequency of the ship hull. When the encounter frequency coincides with the natural frequencies of the hull, linear springing will occur. Since the encounter frequency is dependent of the ship speed, so are the numerical results. The actual ship speed is, in general, reduced in high seas. The speeds in relation with the significant wave heights explored in the present study are shown in Table 2 , where S V is the service speed. In the present study, the sea states of the North Atlantic are adopted to calculate the fatigue damage to the ultra-large ore carriers. According to the results obtained for the vertical bending moment, the range of frequency 0.157 rad/s to 3.14 rad/s, which encompasses the two-node wet-mode natural frequency, is adopted for calculating the response of wave induced vibration. The wave induced vibration originates from the coupling effects of wave encounter frequency and the first order natural frequency of the ship hull. When the encounter frequency coincides with the natural frequencies of the hull, linear springing will occur. Since the encounter frequency is dependent of the ship speed, so are the numerical results. The actual ship speed is, in general, reduced in high seas. The speeds in relation with the significant wave heights explored in the present study are shown in Table 2 , where V S is the service speed. 
In the calculation of the fatigue damage, inclusion of more lower-order elastic modes will improve the numerical accuracy while decrease the efficiency, the same thing goes with the mesh refinement for the hull. In order to improve the computational efficiency at the cost of negligible loss of accuracy, a convergence study has been conducted for both, and the results are presented in the Appendix A, see Figures A1-A5.
Results and Analysis
Influence of Hull Length
The results for the fatigue damage to the deck and bottom longitudinals at midship are presented in Tables 3 and 4 , respectively. The damage ratio is 1.184 for the 319.5 m-long 250,000 DWT OC, but it is as high as 1.757 for the 353 m-long 400,000 DWT OC. Figure 4 shows the first order natural frequency of vertical vibration versus the hull length for the four OCs in the full loading condition. Both the dry mode and the wet mode natural frequencies decrease with the increase of hull length, and it is shown in Figure 5 that the damage ratio increases with the hull length. This suggests that, for ultra large ore carriers, the influence of springing shall be considered in the calculation of fatigue damage. In the calculation of the fatigue damage, inclusion of more lower-order elastic modes will improve the numerical accuracy while decrease the efficiency, the same thing goes with the mesh refinement for the hull. In order to improve the computational efficiency at the cost of negligible loss of accuracy, a convergence study has been conducted for both, and the results are presented in the Appendix A, see Figures A1-A5.
Results and Analysis
Influence of Hull Length
The results for the fatigue damage to the deck and bottom longitudinals at midship are presented in Tables 3 and 4 , respectively. The damage ratio is 1.184 for the 319.5 m-long 250,000 DWT OC, but it is as high as 1.757 for the 353 m-long 400,000 DWT OC. Figure 4 shows the first order natural frequency of vertical vibration versus the hull length for the four OCs in the full loading condition. Both the dry mode and the wet mode natural frequencies decrease with the increase of hull length, and it is shown in Figure 5 that the damage ratio increases with the hull length. This suggests that, for ultra large ore carriers, the influence of springing shall be considered in the calculation of fatigue damage. 
Influence of Structure Damping
For the resonance phenomenon, the wave-induced vibration response is closely related with the hull structure damping, which directly affects the peak of the springing response. Figure 6 shows the stress transfer RAOs with a different structural damping of deck longitudinals at midship of the 400,000 DWT OC advancing at 15 kn in head waves. It can be seen that the stress changes significantly with the structural damping. The smaller the structure damping, the larger the stress response in the resonance range. Figure 7 shows the ratio of the stress peak of the springing response ( PS  ) to the maximum amplitude of low frequency stress response ( PW  ). As can been seen, the smaller the damping coefficient and the large the PS PW   , particularly, for the smallest  explored, the amplitude of resonant response can be 5.5 times larger than that induced by low frequency waves. As  increases, PS PW   decreases monotonically. As shown in Figure 8 , the damage ratio of the upper deck longitudinal drops rapidly as the dimensionless structural damping coefficient  increases from 0.01 to 0.03, after which (i.e., 0.03   ), the rate of decease slows down. This is because the stress is amplified to its square when stress transfer function is converted into stress spectrum. For a 
For the resonance phenomenon, the wave-induced vibration response is closely related with the hull structure damping, which directly affects the peak of the springing response. Figure 6 shows the stress transfer RAOs with a different structural damping of deck longitudinals at midship of the 400,000 DWT OC advancing at 15 kn in head waves. It can be seen that the stress changes significantly with the structural damping. The smaller the structure damping, the larger the stress response in the resonance range. 
For the resonance phenomenon, the wave-induced vibration response is closely related with the hull structure damping, which directly affects the peak of the springing response. Figure 6 shows the stress transfer RAOs with a different structural damping of deck longitudinals at midship of the 400,000 DWT OC advancing at 15 kn in head waves. It can be seen that the stress changes significantly with the structural damping. The smaller the structure damping, the larger the stress response in the resonance range. Figure 7 shows the ratio of the stress peak of the springing response ( PS  ) to the maximum amplitude of low frequency stress response ( PW  ). As can been seen, the smaller the damping coefficient and the large the PS PW   , particularly, for the smallest  explored, the amplitude of resonant response can be 5.5 times larger than that induced by low frequency waves. As  increases, PS PW   decreases monotonically. As shown in Figure 8 , the damage ratio of the upper deck longitudinal drops rapidly as the dimensionless structural damping coefficient  increases from 0.01 to 0.03, after which (i.e., 0.03   ), the rate of decease slows down. This is because the stress is amplified to its square when stress transfer function is converted into stress spectrum. For a Figure 7 shows the ratio of the stress peak of the springing response (σ PS ) to the maximum amplitude of low frequency stress response (σ PW ). As can been seen, the smaller the damping coefficient and the large the σ PS /σ PW , particularly, for the smallest δ explored, the amplitude of resonant response can be 5.5 times larger than that induced by low frequency waves. As δ increases, σ PS /σ PW decreases monotonically. As shown in Figure 8 , the damage ratio of the upper deck longitudinal drops rapidly as the dimensionless structural damping coefficient δ increases from 0.01 to 0.03, after which (i.e., δ > 0.03), the rate of decease slows down. This is because the stress is amplified to its square when stress transfer function is converted into stress spectrum. For a small structural damping, the energy of wave-induced vibration response is significant and it plays an important role in the structural fatigue damage. If the damping is large, the wave-induced vibration will reduce rapidly.
small structural damping, the energy of wave-induced vibration response is significant and it plays an important role in the structural fatigue damage. If the damping is large, the wave-induced vibration will reduce rapidly. 
Influence of Sea State
To investigate the influence of sea state on the fatigue damage to the four OCs, the fatigue damages to the deck longitudinals due to wave-induced vibration and that when the hull is treated as a rigid body are compared and the absolute differences are shown in Figure 9 . It can be seen that the sea state has a significant influence on the fatigue damage. For the sea states with zero-crossing periods ( Z T ), being 4.5 s to 12.5 s, and the significant wave height ( S H ) being 3.5 m to 10.5 m, the fatigue damage of wave-induced vibration is the most significant; while in other sea states, the fatigue damage that is caused by springing is very small, see the corresponding damage ratios in Figure 10 . Larger damage ratios appear in sea states with small zero-crossing periods; this is because the wave-induced vibration is easier to occur than springing in these sea states. For Z T from 0 s to 4 s, the damage ratio can reach 500 and above, but it does not actually affect the hull fatigue damage. This is because weak sea states only result in small structural responses. small structural damping, the energy of wave-induced vibration response is significant and it plays an important role in the structural fatigue damage. If the damping is large, the wave-induced vibration will reduce rapidly. 
To investigate the influence of sea state on the fatigue damage to the four OCs, the fatigue damages to the deck longitudinals due to wave-induced vibration and that when the hull is treated as a rigid body are compared and the absolute differences are shown in Figure 9 . It can be seen that the sea state has a significant influence on the fatigue damage. For the sea states with zero-crossing periods ( Z T ), being 4.5 s to 12.5 s, and the significant wave height ( S H ) being 3.5 m to 10.5 m, the fatigue damage of wave-induced vibration is the most significant; while in other sea states, the fatigue damage that is caused by springing is very small, see the corresponding damage ratios in Figure 10 . Larger damage ratios appear in sea states with small zero-crossing periods; this is because the wave-induced vibration is easier to occur than springing in these sea states. For Z T from 0 s to 4 s, the damage ratio can reach 500 and above, but it does not actually affect the hull fatigue damage. This is because weak sea states only result in small structural responses. 
To investigate the influence of sea state on the fatigue damage to the four OCs, the fatigue damages to the deck longitudinals due to wave-induced vibration and that when the hull is treated as a rigid body are compared and the absolute differences are shown in Figure 9 . It can be seen that the sea state has a significant influence on the fatigue damage. For the sea states with zero-crossing periods (T Z ), being 4.5 s to 12.5 s, and the significant wave height (H S ) being 3.5 m to 10.5 m, the fatigue damage of wave-induced vibration is the most significant; while in other sea states, the fatigue damage that is caused by springing is very small, see the corresponding damage ratios in Figure 10 . Larger damage ratios appear in sea states with small zero-crossing periods; this is because the wave-induced vibration is easier to occur than springing in these sea states. For T Z from 0 s to 4 s, the damage ratio can reach 500 and above, but it does not actually affect the hull fatigue damage. This is because weak sea states only result in small structural responses. Figure 11 shows the fatigue damage ratios of four different OCs at four different speeds: 5 kn, 7.5 kn, 11.25 kn, and 15 kn. It is found that the fatigue damage ratios of the 400,000 DWT OC, 388,000 DWT OC, and 250,000 DWT OC are close to each other at different navigational speeds. The corresponding average fatigue damage ratios for these three OCs are 40.74% for 15 kn, 41.11% for 12.25 kn, 14.98% for 7.5 kn, and 3.17% for 5 kn, respectively. The corresponding damage ratios of the 300,000 DWT OC at different speeds are 28.43%, 49.88%, 17.79%, and 3.9%. For all four OCs, the sum of the fatigue damage ratios at 15 kn, 11.25 kn, and 7.5 kn is close to 97%. It indicates that the fatigue damages resulting from springing mainly occur in the medium and high speed conditions. The fatigue damage at low speeds is very small. This is because the encountering frequency is much lower than the first order natural frequency of the hull. Figure 11 shows the fatigue damage ratios of four different OCs at four different speeds: 5 kn, 7.5 kn, 11.25 kn, and 15 kn. It is found that the fatigue damage ratios of the 400,000 DWT OC, 388,000 DWT OC, and 250,000 DWT OC are close to each other at different navigational speeds. The corresponding average fatigue damage ratios for these three OCs are 40.74% for 15 kn, 41.11% for 12.25 kn, 14.98% for 7.5 kn, and 3.17% for 5 kn, respectively. The corresponding damage ratios of the 300,000 DWT OC at different speeds are 28.43%, 49.88%, 17.79%, and 3.9%. For all four OCs, the sum of the fatigue damage ratios at 15 kn, 11.25 kn, and 7.5 kn is close to 97%. It indicates that the fatigue damages resulting from springing mainly occur in the medium and high speed conditions. The fatigue damage at low speeds is very small. This is because the encountering frequency is much lower than the first order natural frequency of the hull. Figure 11 . The proportion of fatigue damage ratios in total damage at different navigational speeds.
Influence of Navigation Speed
Influence of Wave Heading
The definition of wave heading is shown Figure 12 , where 0 o is defined as the wave heading direction. Figure 13 shows the RAOs of vertical bending moment of the four OCs at different wave headings. The peak of the RAOs of vertical bending moment in the low frequency range appears at different wave headings, which corresponds to the characteristics of the rigid motion of the hull. The wave encounter frequency can reach a relatively very high level when the vessels advance at the service speed in head waves, as well as in quartering waves. Springing occurs when the wave encounter frequency is close to the first order wet natural frequency of the hull. Therefore, another peak in the high frequency range can also be observed in head and quartering waves, which is caused by the wave induced vibration. The springing is prominent for the wave heading range −60° to 60° (300° to 360° and 0° to 60°), see Figure 14 . 
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Influence of Navigation Speed
Influence of Wave Heading
The definition of wave heading is shown Figure 12 , where 0 o is defined as the wave heading direction. Figure 13 shows the RAOs of vertical bending moment of the four OCs at different wave headings. The peak of the RAOs of vertical bending moment in the low frequency range appears at different wave headings, which corresponds to the characteristics of the rigid motion of the hull. The wave encounter frequency can reach a relatively very high level when the vessels advance at the service speed in head waves, as well as in quartering waves. Springing occurs when the wave encounter frequency is close to the first order wet natural frequency of the hull. Therefore, another peak in the high frequency range can also be observed in head and quartering waves, which is caused by the wave induced vibration. The springing is prominent for the wave heading range −60° to 60° (300° to 360° and 0° to 60°), see Figure 14 . The corresponding fatigue damage to the deck longitudinals at midship for each wave heading are shown in Figure 14 . It can be seen that, in the heading range of ±60° (head waves and bow quartering waves), the OCs experience large fatigue damage. This is because under these conditions, the encounter wave frequency will increase leading to the occurrence of springing. For the 400,000 DWT, 380,000 DWT and 300,000 DWT OCs, the fatigue damage is increased by 16.28%, 16.95%, and 16.41% due to the springing in bow quartering waves, respectively. For 250,000 DWT OCs, the fatigue damage is increased by 21.18%. Since the fatigue damage is insignificant and the influence of the wave induced vibration is not obvious in beam and stern quartering waves, these wave directions can be neglected in the analysis of the influence of springing on the fatigue damage of ultra large ore carriers. The corresponding fatigue damage to the deck longitudinals at midship for each wave heading are shown in Figure 14 . It can be seen that, in the heading range of ±60 • (head waves and bow quartering waves), the OCs experience large fatigue damage. This is because under these conditions, the encounter wave frequency will increase leading to the occurrence of springing. For the 400,000 DWT, 380,000 DWT and 300,000 DWT OCs, the fatigue damage is increased by 16.28%, 16.95%, and 16.41% due to the springing in bow quartering waves, respectively. For 250,000 DWT OCs, the fatigue damage is increased by 21.18%. Since the fatigue damage is insignificant and the influence of the wave induced vibration is not obvious in beam and stern quartering waves, these wave directions can be neglected in the analysis of the influence of springing on the fatigue damage of ultra large ore carriers. Table 5 shows the damage ratio of deck longitudinals at midship under different loading conditions. It can be seen that the damage in the ballast condition is significantly larger than that in the full loading condition. Under the ballast condition, the draft decreases, and the pressure that is caused by the waves at the hull bottom increases exponentially. As a result, the wave-induced stress at the hull bottom also increases, which causes further increase of wave-induced vibration response of hull structures under full loading condition. 
Influence of Loading Condition
Conclusions
This paper presents the hull structure fatigue damage calculation of the springing response of ultra large ore carriers. A three-dimensional linear frequency domain hydroelasticity analysis method is applied to calculate the load response of the hull girder, and a spectral analysis method is adopted to calculate the fatigue damage to the deck and bottom longitudinals. The rain flow correction and narrow band approximation are used to account for the effect of springing response on structural fatigue damage. Analyses have been conducted for the influence of a wide variety of parameters on the fatigue damage of the vessels, including hull length, sea state, vessel speed, heading angle, and also the loading condition. The following conclusions are drawn: Figure 14 . Fatigue damages at different headings. Table 5 shows the damage ratio of deck longitudinals at midship under different loading conditions. It can be seen that the damage in the ballast condition is significantly larger than that in the full loading condition. Under the ballast condition, the draft decreases, and the pressure that is caused by the waves at the hull bottom increases exponentially. As a result, the wave-induced stress at the hull bottom also increases, which causes further increase of wave-induced vibration response of hull structures under full loading condition. 
Influence of Loading Condition
Conclusions
This paper presents the hull structure fatigue damage calculation of the springing response of ultra large ore carriers. A three-dimensional linear frequency domain hydroelasticity analysis method is applied to calculate the load response of the hull girder, and a spectral analysis method is adopted to calculate the fatigue damage to the deck and bottom longitudinals. The rain flow correction and narrow band approximation are used to account for the effect of springing response on structural fatigue damage. Analyses have been conducted for the influence of a wide variety of parameters on the fatigue damage of the vessels, including hull length, sea state, vessel speed, heading angle, and also the loading condition. The following conclusions are drawn:
(1) Based on a 3D linear frequency domain hydroelasticity analysis method, and when combined with a spectral analysis method for strength assessment of ship hull structure, a method is established for evaluating the structure fatigue damage of ultra large ore carriers. (2) The springing response may make significant contribution to the structure fatigue damage of ultra large ore carrier. Vessels of a larger length usually have larger fatigue damage ratio. In particular, the damage ratio is 1.184 for the smallest ship investigated, while 1.784 for the largest. (3) The structural damping has a large influence on the peak value of the springing response, and thus significantly affects the fatigue damage of ultra large ore carriers. For the 400,000 DWT ore carrier, the peak value of the springing response decreases rapidly when the structural damping coefficient increases from 0.01 to 0.03. However, the rate of decrease slows down after the structural damping coefficient exceeds 0.05. (4) The springing effect on the structural fatigue damage is pronounced in moderate sea states.
The results that were obtained for the fatigue damage of the four ultra large ore carriers show that, when the range of zero-cross period is 4.5~12.5 s and with wave height of 3.5~10.5 m, the fatigue damage due to springing significantly increases. However, the significant effect is observed in other sea states. (5) According the results, navigation at a relatively high speed in moderate mild seas results in larger fatigue damage than that at a reduced speed in high seas. (6) Another observation is that the fatigue damage is significant when the when the wave heading ranges from −60 • to +60 • . (7) As for the loading condition, no distinct difference is observed in the effect of linear springing on the fatigue damage between the full loading and the ballast condition.
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Appendix A
The dry mode is chosen as the generalized primary function for the modal analysis, which is done using the transfer matrix method, and the hull is represented by a Timoshenko girder of 20 sections. Figure A1 shows the first five orders of vertical deformation modes in full loading condition, i.e., 400,000 DWT OC.
Theoretically, hull structures have an infinite number of vibration modes, however, it is common practice that only the lower order elastic modes are accounted for and superposed as they make most of the contribution to the structure response. In order to determine to which order the superposition can sufficiently account for the wave load response of the ship hull, the 1st to 5th orders of vertical mode are explored.
The wave-induced bending moment response is obtained for the 400,000 DWT OC in full loading condition advancing at 15 kn in head waves, and the response in each elastic mode is obtained and presented in Figure A2 . It can be seen that the vertical bending moment response can be captured by the first three orders with satisfactory accuracy, and the contribution of higher orders to the accuracy is insignificant. Figure A3 shows the transfer function of the elastic principal coordinate for all the explored orders. It can also be seen that all the major principal coordinates of elastic mode accounting for most of the contribution can be obtained with the first three orders. Thus, only the first three orders are taken into account in the following analysis.
The dry mode is chosen as the generalized primary function for the modal analysis, which is done using the transfer matrix method, and the hull is represented by a Timoshenko girder of 20 sections. Figure A1 shows the first five orders of vertical deformation modes in full loading condition, i.e., 400,000 DWT OC. Theoretically, hull structures have an infinite number of vibration modes, however, it is common practice that only the lower order elastic modes are accounted for and superposed as they make most of the contribution to the structure response. In order to determine to which order the superposition can sufficiently account for the wave load response of the ship hull, the 1st to 5th orders of vertical mode are explored.
The wave-induced bending moment response is obtained for the 400,000 DWT OC in full loading condition advancing at 15 kn in head waves, and the response in each elastic mode is obtained and presented in Figure A2 . It can be seen that the vertical bending moment response can be captured by the first three orders with satisfactory accuracy, and the contribution of higher orders to the accuracy is insignificant. Figure A3 shows the transfer function of the elastic principal coordinate for all the explored orders. It can also be seen that all the major principal coordinates of elastic mode accounting for most of the contribution can be obtained with the first three orders. Thus, only the first three orders are taken into account in the following analysis. In order to investigate the influence of the mesh refinement on the numerical accuracy, a convergence study is performed by discretizing the hull into a variety of numbers of panels, namely 1430, 3864, 6254 and 8002, as shown in Figure A4 . Figure A5 shows the numerical results obtained with these meshes for the vertical bending moment response. It can be observed that, the influence of number of panels is small in the low frequency range, but significant on the results for the peak values of the vertical bending moment response especially around the resonance frequency. Theoretically, hull structures have an infinite number of vibration modes, however, it is common practice that only the lower order elastic modes are accounted for and superposed as they make most of the contribution to the structure response. In order to determine to which order the superposition can sufficiently account for the wave load response of the ship hull, the 1st to 5th orders of vertical mode are explored.
The wave-induced bending moment response is obtained for the 400,000 DWT OC in full loading condition advancing at 15 kn in head waves, and the response in each elastic mode is obtained and presented in Figure A2 . It can be seen that the vertical bending moment response can be captured by the first three orders with satisfactory accuracy, and the contribution of higher orders to the accuracy is insignificant. Figure A3 shows the transfer function of the elastic principal coordinate for all the explored orders. It can also be seen that all the major principal coordinates of elastic mode accounting for most of the contribution can be obtained with the first three orders. Thus, only the first three orders are taken into account in the following analysis. In order to investigate the influence of the mesh refinement on the numerical accuracy, a convergence study is performed by discretizing the hull into a variety of numbers of panels, namely 1430, 3864, 6254 and 8002, as shown in Figure A4 . Figure A5 shows the numerical results obtained with these meshes for the vertical bending moment response. It can be observed that, the influence of number of panels is small in the low frequency range, but significant on the results for the peak values of the vertical bending moment response especially around the resonance frequency. In order to investigate the influence of the mesh refinement on the numerical accuracy, a convergence study is performed by discretizing the hull into a variety of numbers of panels, namely 1430, 3864, 6254 and 8002, as shown in Figure A4 . Figure A5 shows the numerical results obtained with these meshes for the vertical bending moment response. It can be observed that, the influence of number of panels is small in the low frequency range, but significant on the results for the peak values of the vertical bending moment response especially around the resonance frequency. The number of panels chosen, according to the convergence study of surface discretization, for calculating the wave load on each vessel is shown in Table A1 . The number of panels chosen, according to the convergence study of surface discretization, for calculating the wave load on each vessel is shown in Table A1 . The number of panels chosen, according to the convergence study of surface discretization, for calculating the wave load on each vessel is shown in Table A1 . 
